Abstract-Kinetic aspects of highly endothermic Fe30Jcarbon redox and Boudouard reactions were studied for simulation using Xe lamp beam and sunlight concentrated with a Fresne11ens, respectively. CO evolution with oxidation of carbon by Fe304 and C02 was successfully simulated using the energy and material balance equations. The simulation study suggested that several factors affect the CO generation in both systems tested: temperature gradient within the specimen, solar concentration, specimen size, heat capacity of the solar furnace, and radiative heat loss. Further kinetic study will be conducted for better design of the solar receiverlreactor using the stationary bed gasification of carbonaceous materials.
I . INTRODUCTION
The theoretical maximum efficiency for the solar thermochemical energy conversion increases dramatically with solar concentration and attains 70 % at 1000 sun [1] . The solar thermochemical process using metal oxide, e.g., Fe 3 04, as the donor of oxygen has been demonstrated to be very effective when it is applied to energy-intensive endothermic reactions such as coal gasification. The conversion efficiency attains 40 % for the carbothermal reduction of Fe304 + C = 3FeO + CO (Mfo=188.74 kJ at 900 K) [2] . It will provide a promising pathway for gasification of coal. Process energy is directly supplied by irradiating concentrated sunlight at 500-1500 sun onto specimen surface. Solar energy is then converted to thermal energy through crystal lattice vibration, causing chemical reactions. The conversion details need to be collected for better understanding and process design. Kinetic data on specific processes are basically required for process and receiverlreactor designs of the solar thermochemical transformation.
However, the temperature gradient within materials and kinetic aspects of conversion have not been well known hitherto.
The present paper deals with two typical reactions, the above carbothermal reduction of Fe304 and Boudouard reaction (AHo=171.54 kJ at 900 K) for modeling the kinetic aspects of the thermochemical conversion process.
. EXPERIMENTAL

A. FesO';carbon system (System 1)
The kinetics were studied using a quartz tube reactor equipped with a xenon lamp. At the center of the quartz tube, there was placed 30 mg portion ofFe304 and carbon mixture with mole ratio of 1 on an Fe 3 04 to carbon basis. The xenon lamp beam (112 W) was collimated to ca.4 mm in diameter using a parabolic reflector and insolated onto the reactants while Ar gas was passed through the reactor tube at a flow rate of 400 cm 3 min-1 and at O.IMPa to prevent oxidation by gaseous oxygen. CO and CO 2 gases were determined using a gas chromatography. The temperature of the specimen was monitored using a type K thermocouple.
B. CO 2 /carbon system or Boudouard reaction (System 2)
The sunlight concentrated with a Fresnel lens was irradiated onto active carbon (0.30 g or 0.025 moles) while flowing CO 2 at a rate of 7 cm 3 /min. The specimen was placed on a quartz tube of 8 mm internal diameter supported by a alumina cement furnace. Chemical analysis and others were the same as in the system 1.
ill. RESULTS AND MODELING
A. System J Concentrated radiation from the xenon lamp elevated the temperature of the reactants to 1100 K within 60 sec. At first, the CO evolution rate increased with increase in sample temperature and attained the maximum CO evolution rate at 900 K at 15 sec-irradiation. Thereafter the CO evolution rate decreased gradually while the sample temperature increased.
At 60 sec the CO evolution rate decreased to 0.5 I!molsec- . This is due to that the Fe30Jcarbon redox reaction had completed and then FeO/carbon redox reaction had begun. In addition, the former reaction proceeds faster than the latter, since the latter reaction involves a structural change. An XRD powder diffraction pattern was utilized for further analysis. As a result, at 20 sec-irradiation the spectra of FeO was detected, and at 120 sec-irradiation the spectra showed FeO and a -Fe. CO 2 gas was also observed due to the side reaction. It will be partially due to a reverse Boudouard reaction by temperature lowering within the specimen where the temperature gradient was large (150-200 K). B. System 2 CO evolution profile resembled that of the system 1 except delayed max. temperature. The maximum CO generation was observed at 800 sec-irradiation where the specimen temperature reached 900 K (Fig. 1.) . 
C. Simulation Model
The following solar/chemical transformation model was applied to the specimen and tested by numerical calculation obtained by the energy and material balance equations. The energy balance equation is given by
where the left hand side denotes incident light energy per sec, the first term on the right hand side energy used for increase in the temperature of the reaction cell and specimen, the second energy converted chemically, the third heat loss by black body radiation, the fourth heat loss by thermal conduction.
The latter two are given respectively by Hrad = ceffnR2 crT t 4 and Reond = c(Tt -Troom) (2) where c is a constant for thermal conduction, T room room temperature, R the radius of the aperture of the reaction cell, and cr the Stefan-Boltzmann constant. Assuming that carbon used in the experiment consists of N particles with radius r and CO evolution rate at time t, Vb is proportional to the product of carbon surface at time t, SI, and the reaction rate at time t, kb one can get the following equation. Vt = -dn,/dt = a k t St (5) where ne is the quantity of carbon in mole. It is assumed that k t is given by the Arrhenius-type equation.
k t = A exp(-E.IRT t ) (6) where Ea denotes the activation energy and R the gas constant. Moreover, Vm dne = St dr (7) where Vm is the molar volume of carbon. Equations (5) and (7) are combined to give dr/dt = -a Vm k t (8) This equation expresses the decreasing rate of the particle radius. The particle radius and surface area at t+dt are given by rHdt = r t -a Vm k t dt (9) SHdt = 4nNrHd?
(10) The numerical calculation was performed using the following parameters: C=0.02, ro=IxIO- for the system 2. These parameters allowed reasonable simulation results to the CO evolution profile by the system 2 ( Fig. 2.) . Thus, the above assumptions made for modeling have been found to be effective. The similar result was obtained on the system 1. ....., ...
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